Abstract We investigated the rupture process of the 1999 Chi-Chi, Taiwan, earthquake, using high-quality near-source strong-motion records, broadband teleseismic displacement waveforms, and well-distributed Global Positioning System (GPS) data. The near-source strong-motion displacement waveforms recorded significant static offsets of up to 8 m. The teleseismic displacement records show a significant pulse with duration of about 18 to 20 sec. Taking into account the surface displacements observed along the Chelungpu fault, we considered two fault geometries: a single planar fault and a two-segment fault with a northeast-striking section near the northern end. Using the finite-fault model with variable slip vectors, we derived two models of the temporal and spatial slip distribution of the earthquake. The GPS data provided good surface displacement constraints for the slip-distribution determination. The spatial slip distribution is generally consistent with field observations. The results for the simple fault model show a large asperity located in the region about 25 to 55 km north of the hypocenter with maximum slip of about 15 m. When we use the two-segment model, the asperity further extends to the region where the fault bends toward the northeast with a maximum slip of up to 20 m. A large amount of right-lateral slip beneath station TCU068 is necessary to explain its observed large west movement. It implies a local converging slip at the corner where the fault bends to the northeast. The slip amplitude near the hypocenter is about 3 to 6 m. The seismic moments determined from the various data sets are within the range of 2 to 4 ‫ן‬ 10 27 dyne cm. Most of the slip concentrated at shallow depths (less than 10 km). The total rupture duration is about 28 sec, and the rupture velocity is 75% to 80% of the shear-wave velocity. The slip vector shows a clockwise rotation during the fault rupture. The static stress drop of the large asperity region is comparable with the dynamic stress drop, as observed directly from the slip velocity at the station near the large slip region.
Introduction
The 20 September 1999 Chi-Chi, Taiwan, earthquake (M w 7.6) was the largest earthquake to strike Taiwan in the twentieth century. This earthquake ruptured about 85 km of the Chelungpu fault with complicated surface faulting . The faulting was mainly thrust movement on a plane that dipped shallowly (20Њ-30Њ) to the east. This earthquake produced some of the largest fault displacements (up to 8 m) and largest ground velocities (up to 3 m/sec) observed for a modern earthquake (Chung and Shin, 2000) . The distribution of instrumentally determined intensity (Teng et al., 1997) showed shaking levels of 4 or greater over most of the Taiwan region . There was extensive damage to structures over a large region of central Taiwan, especially in the towns and cities of Chung Liao, Nantou, Fengyuan, and Dengshi. In general, the hangingwall region of the thrust fault showed much stronger shaking than the footwall region. Within 100 m of the fault, the severe damage was often caused more by the ground deformations than by strong shaking.
This earthquake was well recorded by the dense strongmotion network of Taiwan , providing important information on the fault behavior for earthquake source studies, geological investigations, and engineering evaluations. Determinations of earthquake slip distributions and rupture time histories have been important for providing insights into the earthquake rupture process and for prediction of strong ground motions (Wald, 1992) .
In this study, we combine all of the high-quality data generated by this earthquake to explore the rupture behavior of faulting during the earthquake. We use teleseismic Pwave data, near-field strong-motion recordings, and Global Positioning System (GPS) results in our analysis. This com-bination of data sets enhances the overall spatial sampling of the studied region (Wald and Heaton, 1994) . The teleseismic body waves enhance the vertical resolution of the modeling and help constrain the total moment. The nearsource strong-motion data provides time resolution for the faulting process history. And, the GPS data provides the constraints on the final slip distribution.
The Chelungpu fault strikes in a nearly north-south direction for most of the length of the rupture, but at the northern end the trend of the surface faulting bends toward the east, and the fault splinters into more complicated traces. The largest dislocation and fault-slip velocity were observed near the location where the fault curves to the east. The large fault movement and velocity might be associated with the dynamic behavior of faulting and/or may be due to the fault geometry. In our finite-fault modeling, we consider both a simple planar fault model and a twosegment model to examine the spatial and temporal slip distribution of the earthquake.
In our models we divided the fault into smaller subfaults. The slip in each subfault is allowed to rupture in multiple time windows, following the methodology of Hartzell and Heaton (1983) . Although the sparse slip distribution of the aftershocks make the determination of fault geometry difficult, and no absolute timing on the strong-motion records also yields the difficulty of calibrating the Green's function calculations, with the density of the combined data sets used in this study, we should be able to understand the spatial and temporal rupture behavior of this large earthquake. From our models we can see the heterogeneous distribution of slip on the fault plane and use these results to infer information about the rupture process of the Chi-Chi earthquakes.
Data Strong Motion
One of the most significant aspects of the Chi-Chi earthquake is the well-recorded strong-motion data along the fault (Fig. 1) . The stations along the Chelunpu fault recorded the time history of the ground shaking providing direct observations of the fault ruptures. In the analysis, we use threecomponent accelerograms from 21 strong-motion stations of the Taiwain strong-motion stations (TSMIP) (Liu et al., 1999) , as shown in Figure 1 . We detrended the accelograms and integrated once to velocity, then we detrended the records again and integrated a second time to produce the displacements. The strong-motion stations TCU68 and TCU052 show large static offsets compared to other stations. These displacement records might be affected during the data processing. These large static offsets were differed by about 20-50 cm to compare with the records obtained from other studies (e.g., Chung and Shin, 1999) using different data processing techniques. Compared to stations TCU068 and TCU052, the waveforms for other strong-motion stations located near the fault trace and in the hanging-wall region are plotted with a 3.4 times larger scale factor. The remaining stations are plotted with a 6.8 times larger scale factor. The numbers on the right of the waveforms indicate the maximum displacement in centimeters. The stations were chosen by considering the quality of data, allowance of computation time, and azimuthal coverage of the fault area. Unfortunately, no near-source stations to the east of the fault area were available, thus, the results for the slip distribution for deeper portions of the fault might be less reliable. Table 1 lists the station abbreviations and locations, as well as site surface conditions (Kuo, 1994) . Some of the site conditions are still not well characterized.
The stations TCU052 and TCU068, which is located near the location where the fault bends toward the east, recorded large fault displacements and ground velocities. An interesting feature is that the stations with the largest fault displacements and velocities were not accompanied by large accelerations. The stations to the north are dominated by a smooth, large amplitude pulse in velocity, whereas the southern sites have higher frequency energy with lower velocities. Brodsky and Kanamori (2000) explained this feature as the possible lubrication of the fault, which is related to the dynamic behavior of faulting . In addition, the stations near the fault show significant static offsets. The displacement records to the north, especially for the station TCU068 and TCU052, are dominated by a large static offsets indicating that there were larger amounts of slip in the northern region of the fault. In modeling these data, we did not use any filtering on the displacement records. The displacement data has most of the signal in the frequency less than 1 Hz.
Teleseismic Waveforms
The teleseismic station locations for the broadband data used in this analysis are listed in Table 2 . The station distribution, shown in Figure 2 , provides good azimuthal coverage of the source. The instrument responses have been deconvolved from the original recordings to obtain ground displacements (in microns). We modeled the first 90 sec of the P-wave trains, as also shown in Figure 2 . The teleseismic P waves show a significant pulse with a duration of about 15-20 sec, indicating that there is a large asperity involved in the rupture process.
Global Positioning System
The geodetic data for the Chi-Chi earthquake consist of a number of GPS measurements from several institutions in Taiwan. For detailed description on the data collection and processing, see Yu et al. (2000) . There are 131 three-component GPS coseismic displacements, which provided dense coverage of the fault area, as shown in Figures 3a and 3b . These measurements were taken before and following the 20 September 1999 Chi-Chi event. The coseismic deformation exhibits large amounts of horizontal slip (Fig. 3a) on the hanging wall, from 1.5 to 8.5 m. The vertical deforma -TCU052   TCU067   TCU075   TCU129   CHY101   TCU072   TCU089   TCU074   TCU079   TCU078   38  47  48   40  72  61   32  92  76   25  73  62   30   72  70   21  19  27   29  34  56   13  15  24   10  13  26   5  12  10   TCU046   TCU039   TCU128   TCU059   TCU123   TCU141   CHY024   CHY006   CHY074   CHY041   874   732   103   75   76   79   254   146   139   76   108   720   296   186   172   128   58   226   256   194   219   178   458   415   97   15   44   19   142   37   116   40   40   TCU068   80 sec  80 sec   Z   N-S  E-W  Z  N-S  E-W   TCU046  TCU128   TCU039   TCU059  TCU068  TCU052   TCU072  TCU067  TCU074  TCU123   CHY041  CHY074   CHY101   TCO129   CHY006   CHY024  TCU141   TCU075  TCU089 TCU078 TCU079 tion (Fig. 3b) on the hanging wall is from 2.2 to 4.5 m. The amount of deformation increases from south to the north along the fault. The deformation on the footwall is significantly less than that on the hanging wall, which is characteristic of a low-angle thrust fault. The direction of horizontal movement is generally in a northwest direction, but there is a clockwise rotation of the slip from south to north, which is also seen in the static displacements of the near-fault strong-motion records Oglesby and Day, 2001) . Possible afterslip a few days after the mainshock may be contained in the coseismic displacements, which may cause discrepancies when comparing with the results from the seismic data. The results from the GPS inversion might be less reliable for the spatial slip distribution determination along the fault, which will be discussed later. Using the large amounts of GPS data provides good constraints on the total slip distribution of the fault. However, for stations very close to the fault, the slip vectors may be affected by local variations of the fault strike and dip. Since our fault model does not include these local features in the fault geometry, there is some difficulty in modeling some of the GPS displacements close to the fault.
Fault Model Fault Parameterization
The surface breaks observed along the Chelungpu fault exhibit a strike of about 3Њ to 5Њ and a dip of about 29Њ to the east . Near the region of the large surface displacements in the north, the fault trace splinters into several segments and bends about 60Њ toward the east, as shown in Figure 1 . We first try to model the Chi-Chi earthquake with a single planar fault, as shown in Figure 4a . The single fault model has a strike of 3Њ and dip of 29Њ to the east, which coincides with most of the observed surface breaks, except for the areas near the end of the fault. The strike of the fault was carefully chosen to match the polarities of the static offsets for stations neat the fault. To consider the bending of the observed fault trace, we also consider a two-segment fault model as shown in Figure 4b . This second model has a change in strike that turns 60Њ toward the east, near the northern end of the fault rupture. The dip angle is kept at 29Њ. This two-segment model results in a nonplanar fault model, and we treat each of the two segments as an independent fault plane.
For a single fault model, we discretized the fault plane into a total of 168 subfaults (Fig. 4a) . For a two-segment fault model, the fault plane was discretized into 164 subfaults (Fig. 4b) . Each subfault has dimensions of 5 km ‫ן‬ 5 km. The number of subfaults was chosen visually by considering the resolvable spatial distribution of the variable slip along the fault for the station distribution.
Synthetic Green's Functions
The point-source responses for the strong-motion synthetics are computed using a layered velocity structure (Table 3 ) with a frequency-wavenumber (f -k) integration scheme (Bouchon, 1981; Takeo, 1987) for frequencies between 0 and 1 Hz. The velocity model is adopted from the tomography study of Ma et al. (1996) for the southwestern Taiwan region. A thin, slow layer is included near the surface in this model, which is important to better approximate elastic properties near the strong-motion stations. Although the site conditions of some of the strong-motion stations are not well characterized (Table 1) , for the relatively lowfrequency band used in this study, the observed waveforms of most of the chosen stations seem to be quite adequate for the analysis without considering the possible site effects. To allow for the variations in direction of the fault slip during the rupture, we calculated the Green's functions for a pure thrust and left-lateral mechanisms. Calculations were done for sample intervals of 0.1 sec and then decimated to 0.4 sec for the inversion. For the subfaults near the stations TCU068 and TCU052, where large static offsets were observed, the subfault motions were obtained by summing the responses of 100 point sources equally distributed over the 5 km ‫ן‬ 5 km subfault, as shown in Figure 4 . The travel-time differences resulting from the varying source-to-station positions and simulating of the propagation of the rupture front across each subfault are considered in each Green's function calculation.
The generalized ray method of Langston and Helmberger (1975) is utilized to compute the point-source response of the teleseismic P wave. The responses of all rays with up to two internal reflections in a layered velocity model (Table  4) , plus the free surface and internal phase conversations, are included in the calculation. A Q operator (Futterman, 1962) is applied with the attenuation time constant t* equal to 1.0 sec for P waves.
For the geodetic modeling, we utilized the analytic expressions of Okada (1985) to calculate the horizontal and vertical static displacements for surface deformation resulting from a uniform slip over each subfault. A Poissonian half-space model is assumed in the calculation.
Source Time Function
Wald and Heaton (1994) modeled the 1992 Landers, California, earthquake using multiple segments and considered multiple time window source time functions to allow for the possibility of delayed or triggered rupture initiating. The number of time windows depends on the overall dislo- cation duration of the earthquake. For the surface rupture of about 100 km of M W 7.6 Chi-Chi earthquake, we thought it was reasonable to allow each subfault to slip in any of 12 adjacent 1-sec time windows. The time of the initial window is given by the arrival of the rupture, which is assumed to be 2.5 km/sec. The source time function of each time window is represented by a triangle with a duration of 1 sec.
Inversion Method
We applied a positive constrained, damped, linear leastsquares inversion procedure as used by Hartzell and Heaton (1983) to obtain the subfault dislocations that give the best fit to the displacement waveforms and geodetic data. We utilized a minimum curvature technique on the inversion to consider the minimum difference of dislocation values between adjacent subfaults in each time window.
We solve an overdetermined system of linear equations,
where A is an N ‫ן‬ M matrix of subfault synthetics (Green's functions), X is the solution vector of slip amplitude with Table 4 Velocity Structure Used in the Teleseismic Waveforms Analysis length M, B is the data vector containing the displacement seismograms of strong motion, the teleseismic data, and the three-component GPS data. The size of N is the product of number of stations, number of components, and the number of points in each seismogram. The number of GPS data points is one per component, while the seismic data has over 100 time points for each component seismogram, so extra weighing of the GPS data is need for it to contribute significantly to the solution. The variable M is the product of the number of subfaults, components of slip directions, and number of time windows. We considered both left-lateral strike-slip and thrust movements in the slip-vector determination, which allows for spatial and temporal changes of rake angle during the fault rupture. The variance defined as (AX ‫מ‬ B)/(n ‫מ‬ 1), where n is the number of unknowns, is used to quantify the fit of the synthetics to the data. In the inversion, we used 80 sec of 21 three-component strong-motion displacement seismograms, 22 vertical-component teleseismic seismograms, and 131 three-component GPS displacements. The time interval of the seismograms is 0.4 sec. In total, the data dimension is 17,085 for seismic data and 393 for GPS data. The seismic data at each station is normalized to have equal weight for each station. The relative weighting of GPS data to seismic data is difficult to set a priori, and we tested several weightings in the joint inversions. The number of subfaults is 168 for the simple single-fault model and 164 for two-segment model. For 12 time windows and two components of slip vector, the number of unknowns in the model space is 4032 and 3936, respectively, for the single-fault and two-segment fault models.
To yield a smooth-slip model, a damping parameter is included in the linear equations as
kH 0
H is a matrix of smoothing constraints, which minimizes the slip difference between adjacent subfaults both along strike and downdip. The damping ratio k controls the trade-off between the model roughness and fitting of the data. In general, a rougher model fits the seismic data better. As discussed by Cohee and Beroza (1994) , the smoothing parameter controls the simple trade-off between model roughness and the fit to the seismograms. Several damping parameters were tested in the calculations for comparison, and we discuss the possible effects of the damping on the results. Also, as mentioned by Wald and Heaton (1994) , there are many parameters in our models, and it is not practical to explicitly invert for all of them. These parameters include such variables as the number of subfaults, number of time windows, rise time, rupture velocities, and GPS weighting and smoothing weighting. Determining all of these parameters will result in nonuniqueness of the solution due to the limitation on the density of the data and computer speed. However, numerous inversions were performed during the study, and the slip distributions shown subsequently are representative of the general features common to most of the results.
Since we had large amount of GPS data over the faulting region, we did not use the observed surface displacements on the fault as data in the inversion. The GPS data and static offsets of the near-source strong-motion displacement waveforms provided very good constraints for the slip near the surface. The static data is also very crucial in establishing the time dependence of the rupture. We will show that the derived slip distribution results are in very good agreements with field observations of the surface breaks along the fault.
Results

Single-Fault Model
For the single-fault model, we first consider the joint inversion using the strong-motion and teleseismic displacement waveforms. Figure 5a shows the curve for the variance and total seismic moment over the fault region for various smoothing constants. A larger smoothing constant reduces the amount of seismic moment but increases the data variance. For smoothing constants of 0.1, we obtain an optimum solution. Figure 5b and c shows the slip distributions without (k ‫ס‬ 0) and withsmoothing constraints (k ‫ס‬ 0.1), respectively. The results without smoothing constraints have a slightly rougher slip distribution with maximum slip of about 16 m but show a similar slip distribution pattern to the results with smoothing constraints (k ‫ס‬ 0.1) with maximum slip of about 15 m. The seismic moment is about 11% different for the results for k ‫ס‬ 0-ϳ0.1. This implies that the effect of the damping ratio does not significantly control the general conclusions.
The spatial slip distribution over the fault plane shows that most of slip concentrates in the region shallower than the hypocentral depth of 8 km (downdip distance about 15 km). Most of the slip occurred to the north of hypocenter with lesser amount of slip to the south of the hypocenter. The slip near the hypocenter region is about 3 m. The amount of slip increases substantially as the rupture propagates to the north, ϳ20-30 km from the hypocenter. A large asperity is found in the region 25 km to 55 km north of the hypocenter. The maximum slip is about 15 m. The slip vector shows a clockwise rotation of the fault movement during the rupture, consistent with the results of Oglesby and Day (2001) . The overall slip distribution is generally consistent with the field observations of the surface break, as shown in Figure 5c . The slip distribution also shows significant displacement in the left corner and bottom of the fault, which might be due to inversion instability because of less station coverage over the eastern part of the fault area. However, the slips at the deeper portion and left corner of the fault did not have significant contribution (less than 1%) to the fitting of the waveforms. The seismic moments from these regions contribute about 20% of the total seismic moment. Figure 6 shows the comparison of observations to the synthetics for the 21 three-component strong-motion and 22 vertical-component teleseismic data. In general, the synthetics match the observation fairly well, however, a number of the east-west horizontal components for the stations near the faults are not well matched by the synthetics. Some stations, such as TCU067, TCU075, and TCU129 are located near the kink of the observed fault trace, as shown in Figure 4 , and the discrepancy in polarity between the observed and synthetics might be due to the change of fault strike near the station. As mentioned earlier, this study intends to obtain the general features of the fault-slip distribution over the fault area, and local variations of fault strike are not considered in our fault model. Most other stations show synthetic waveforms that are similar to the observations. The stations to the north of the fault (TCU046, TCU039, and TCU128) show less consistency of synthetics to the observations at the north-south component. This discrepancy might also be due to changes in strike of the of the fault trace near the northern end of the fault. This feature is improved when we use the two-segment fault model, as discussed later. For the teleseismic waveforms the synthetics match the data well, both in amplitudes and polarities.
Next, we consider a combined inversion using the strong-motion and teleseismic seismic data, along with the GPS data. Figure 7a shows the slip distribution for the com- bined inversion for smoothing parameters k ‫ס‬ 0 and 1, respectively. The values of linear weighting on the GPS and smoothing parameters (k) were determined on a trial-anderror basis. To fit the observed geodetic data, a GPS weighting of 20 times the weighting of the seismic data is applied in the combined inversion. The combined results without smoothing constraints show a rougher slip distribution than the result from using only the seismic data. This might be due to the denser distribution of GPS data in the fault area. The slip distribution of the combined inversion for a smoothing constant of 1 shows more continuous slip distribution over the fault plane. The slip does not concentrate within shallow region less than the hypocentral depth, but continuously extends to greater depths. The slip near the hypocenter is greater than 6 m. A large asperity is still found in the region 25 to 45 km north of the hypocenter. The maximum slip is about 14 m. Figure 8 shows the comparison of the synthetics to the observed displacement waveforms for the strong-motion and teleseismic data. In general, the synthetics from the combined inversion show waveforms that do not fit as well to the observed data, compared to the results of using only the seismic data. This is not surprising since the GPS data produces more rigid constraints on the slip distribution. However, it does indicate there might be some discrepancy between the static deformation field and the elastic slip distribution that produces the seismic waves. In general, the synthetic waveforms from the combined inversion show larger amplitudes than the results from seismic data. The synthetics are significantly larger than the observed displacement waveforms for vertical component at stations located on the hanging wall of the fault, such as TCU072, TCU089, TCU079, and TCU078. Figure 9a and b shows both the horizontal and vertical displacement vectors, predicted from the slip model of the combined inversion . Except for the stations near the northern end of the fault, the amplitudes of the displacement vectors generally fit the observation very well. The directions of the displacement vectors have some discrepancies for the stations near the fault trace. This might be due to local variations of fault strike near the stations, which are not included in our modeling. The synthetic displacement vectors on the hanging wall show very good agreements to the observations, however, the seismic data for the stations on the hanging wall, as described earlier, were not well explained by the slip distribution of the combined inversion. One possibility for the discrepancy between the results of seismic and combined inversion might be due to inadequate modeling of the GPS data using a half-space model and also to the effect of local fault geometry for the dense GPS data close to the fault. Figure 10 shows the slip distribution from the inversion of strong-motion and teleseismic data for the two-segment fault model with k ‫ס‬ 0.1. Compared with the single-fault model, this slip distribution extends the large slip region through the northeastern bend of the fault. The large asperity is located about 30 to 65 km north of the hypocenter region with width of about 10 km. The average displacement in that region of large slip is about 9 m. The maximum slip is about 12 m. If we consider the overlap region of the two fault segments, the total slip at that region exceeds 12 m. Another asperity is found in the hypocenter region with average slip of about 3 m. Significant slip near the bottom of the fault and at the left corner of the fault are also found. Figure 11 shows the comparison of the synthetics to the observations. The synthetics, in general, can explain the observation very well both for strong-motion and teleseismic waveforms. The synthetics for the strong-motion stations to the north of the fault region (TCU046, TCU039, and TCU128) now fit the observations much better in terms of the amplitudes and polarities. In addition, the static offsets observed at stations TCU068 and TCU052 can also be explained better, especially for the north-south component. For the stations near the fault, the synthetics of the east-west components still underestimate the observed data. Figure 12 shows the slip distribution from the joint inversion of strong-motion, teleseismic, and GPS data for the two-segment fault model. Again, compared with the single fault model, the two-segment fault model extends the large asperity to the northeastern-striking segment. Most of large slip still concentrates at shallow depths (ϳ10 km). The slip distribution from the combined inversion shows large slip in the region of 25 km to 70 km north of the hypocenter. The maximum slip in north-south-striking fault segment is about 12-14 m. The northeastern-striking segment has a maximum slip of about 20 m, which is much larger than the slip obtained in previous calculation without GPS. It implies that the large slip in the northeast segment is necessary to explain the observed GPS data. The results from the inversion including the GPS data show continuous slip that extends to deeper portions of the fault. This might be because the GPS data have more station coverage in the hanging-wall region than the strong-motion stations, thus providing more constraints than the strong-motion data in that region. Figure 13 shows the comparisons of synthetics to the observed for the strong-motion and teleseismic data. Figure 14 shows the comparisons of the geodetic data. The synthetics from the combined seismic and GPS inversion do not seem to match the data very well for the east-west components of stations near the fault, especially for station TCU068. This station is located near the corner of the two fault segments, so the observed displacements may be very sensitive to the local geometry. However, the synthetic geodetic vectors explain the observed geodetic vector rather well. Compared to the results from the single fault, the model can now explain the large vectors near the northeastern segment of the fault. However, there are still some discrepancies for the GPS stations located near the northeastern end of the fault. modeled the GPS data and suggested that another fault segment with right-lateral slip is necessary to explain the observed GPS data. This result suggests the possible complicated faulting when the fault bends toward northeast. The discrepancy on the polarities of synthetic to the observed at east-west component of station TCU068 might also suggest the possible right-lateral slip behavior near the station.
Two-Segment Fault Model
Discussions Temporal Slip Distribution
For the temporal slip distribution analysis we consider the results of the joint inversion of teleseismic and strongmotion data for the two-segment fault model. These results show that most of the slip occurred with the initial passage of the rupture front, so that most of the slip is in the first time window. There are lesser amounts of slip in the middle of the fault at about 10 to 20 km north of the hypocenter. The large asperity 30 to 65 north of the fault has a duration of about 6 sec. The large amount of total slip and a 6-sec Figure 11 . Comparison of observations (solid lines) and synthetics (dashed lines) for 21 three-component strong motion and 22 vertical teleseismic P waveforms from the spatial slip distribution for the model derived from strong motion and teleseismic data for two-segment fault model. The numbers on the right of the waveforms indicate the maximum displacement amplitudes in centimeters for strong motion stations and in microns for teleseismic stations. The station names are shown on the left of the waveforms.
duration yields an average slip velocity of about 2.5 m/sec for that region. Although the slip near the hypocenter is not large compared with the asperity on the northern part of the fault, the slip duration near the hypocenter is longer with duration of almost 12 sec, indicating a much slower slip velocity. This result suggests different rupture behaviors for at the northern and southern portions of the fault. Considering an average slip of 9 m in the large asperity region with dimension of 30 ‫ן‬ 10 km as shown in Figure 10 , the static stress drop in the large asperisty region is about 225 bars for a dip-slip model for k ‫ס‬ l ‫ס‬ 3 ‫ן‬ 10 11 dyne/cm 2 . We also estimated the slip velocity of the fault directly from the three-component velocity records of the near-field strong-motion stations. For the stations very close to the fault, the near-source motions dominate, and recorded ground velocities can be used as a direct measure of the movement of the nearby portion of the fault. The analysis shows that the peak slip velocities increase from south to north consistent with our temporal slip distribution. The slip velocities at the stations of TCU052 and TCU068 are 2.3 m/ sec and 4 m/sec, respectively. The slip velocity at station TCU052 is very comparable with the estimated slip velocity of about 2.5 m/sec of the large slip region. Considering the dynamic stress drop as given by , where l and lḊ r ‫ס‬ U d b b are the rigidity, 3 ‫ן‬ 10 11 dyne/cm 2 , and S-wave velocity, 3 km/sec, respectively, and U is the slip velocity, the slip velocities at station TCU052 and TCU068 yield the dynamic stress drops of about 230 and 400 bars, respectively. The station TCU068 is located at the corner of the bending fault. The observed waveforms are more difficult to model as shown in previous calculations. Detail discussion about this station will be addressed in the later session. However, the dynamic stress drop of 230 bars estimated from the station TCU052 is very comparable with the estimated static stress drop of 225 bars at the large slip region from the inversion. This similarity implies a drop of stress to the frictional stress level in the large slip region. In addition, the increase of slip velocities from the hypocenter to the region of large slip in the north implies an increase of the tectonic stress or a decrease in dynamic friction during the rupture. Brodsky and Kanamori (2001) proposed that a fault can be lubricated by a process similar to the mechanical lubrication in bearings, where the viscous resistance of a fluid in a thin zone between opposing surfaces generates a significant pressure that reduces the normal stress and therefore reduce the friction. The dynamic rupture behavior of the slip at the large slip region might be able to be explained by this lubrication behavior. The large slip velocity in the northern portion of the fault increased the lubrication pressure within the fault surface. As the lubrication pressure increases, the fault gap widens and results in a drop of friction stress to generate large slip velocity. The behavior of the large slip velocity and lubrication pressure, thus, acts as a self-controlled system (Kanamori and Heaton, 2000) . The widening of the fault gap results in a smaller amount of surface area for the asperities in contact. The reduced number of asperities in contact might, thus, result in a smoother fault, generating a smaller amount of high-frequency acceleration, large slip velocity, and displacement, as observed at stations TCU052 and TCU068. Figure 15 shows the time slice of the fault rupture at every 1 sec. The initiation of the fault rupture is rather quiet during the first few seconds. The fault ruptures bilaterally in the beginning, then after about 12 sec, the fault ruptures more unilaterally to the north. At about 19 sec after the initiation, the slip is concentrated in the region of 20 to 65 km north of the hypocenter and lasts for about 7-8 sec without propagation. This implies a slowing of the rupture velocity near the end of the fault rupture. The consistency of the overall spatial slip distribution and the field observations suggests the reliability of the rupture velocity used in this study. The average rupture velocity is about 2.5 km/sec. The rupture front as shown in Figure 15 shows the variation of the rupture velocities. However, it is difficult to quantitatively estimate the rupture velocity from the visual inspection. Chen et al. (2000) suggests a variation of the rupture velocity from 2.7 km/sec to 2.28 km/sec. Huang et al. (2000) also suggested a slow rupture velocity of about 2.0 km/sec at the northern portion of the fault.
Seismic Moments
The seismic moment determined from Harvard CMT solution is about 4.1 ‫ן‬ 10 27 dyne-cm, while the solution from the Earthquake Research Institute, University of Tokyo (ERI), and the U.S. Geological Survey (USGS) are 2.5 ‫ן‬ 10 27 dyne cm and 2.4 ‫ן‬ 10 27 dyne cm, respectively. Table 5 lists the seismic moments, variances of the synthetic to the data, and the maximum slip of each fault model. The seismic moment determined from our results of the inversion of teleseismic and strong motion is about 2.2 ‫ן‬ 10 27 dyne cm for the single fault model and 2.3 ‫ן‬ 10 27 dyne cm for the two-segment fault model. If we include the GPS data, the seismic moment increases to about 4.6-4.7 ‫ן‬ 10 27 dyne cm. The fit of the synthetics to the data did not have too much difference for single or two-segment fault models. However, if the GPS data were included in the calculation, the data became less well explained by the synthetics. The maximum slip in each model ranged from 12 to 15 m. For the two-segment fault model, a maximum slip of 20 m was obtained at the northeast fault segment, if the GPS data were included in the calculation. The amount of seismic moment will also vary with a different damping parameter. As shown in Figure 5a , the trade-off between seismic moment and damping is about ‫5.0ע‬ ‫ן‬ 10 27 dyne cm for damping ratio of 0 to 1. The discrepancy between the seismic moments with and without the GPS data might be due to the overestimate of the slip because of our use of half-space modeling for GPS data. Wald and Graves (2000) suggest that using a half-space to model the deformation data might generate models with larger amount of slip. Lee and Ma (2000) modeled the GPS data and showed that the dense distribution of the GPS data is very sensitive to the 3D structure of the fault geometry, including the variation of fault strike and dip on the fault plane. The simple 2D fault geometry used in this TCU068   TCUO52   TCU067   TCU075   TCU129   TCU101   TCU072   TCU089   TCU074   TCU079   TCU078   458 study might not be sufficient enough to well explain the observed GPS data. For further studies, for the GPS data, a layer structure for Green's function calculations and detail 3D fault geometry might be necessary to explore this possibility.
Mismatch of Displacements Close to the Fault
For our models, there is not a very good match of the synthetic displacements for strong-motion stations close to the fault. Part of the explanation may be because these records are sensitive to the local fault geometry close to the station, which is not accounted for in our rather simple models, especially for the effect of 3D fault geometry. There is a significant mismatch of displacement close to the fault at station TCU068 in our modeling. Ji et al. (2001) modeled the static displacement close to the fault and GPS data using layer velocity structure with dense Green's function calculations. Their results show good consistency with the GPS data and strong-motion static displacements. These results imply the necessity of the layer structure calculation of GPS data, especially for the near-source data modeling. In addition, they also show that the slip of the earthquake was concentrated on the surface of a wedge-shaped block. The static displacement at the station TCU068 was dominated by the extended northeastern-striking fault with large component of right-lateral slip. Figure 16 shows our calculation, for considering a right-lateral slip instead of left-lateral slip in our previous modeling for the block near the corner of the two-segment fault, the static displacements at the stations TCU052 and TCU068 can now be explained very well. It suggests the significant requirement of the right-lateral slip in that block. Thus, as the fault bending to the northeast, there's a local converging of the slip at the corner of the bending fault. This behavior might be associated with local stress and tectonic environment. However, the detailed rupture behavior of the earthquake over the fault plane still need a detail 3D geometry to explain the overall observed data. Nevertheless, the well explanations of the observed waveforms further from the fault surface suggest that we had obtained a general feature of the fault rupture; while the stations close to the fault make significant contributions on the understanding of the detail fault rupture, especially at the complex surface rupture region. Figure 17 shows the distribution of aftershocks for six months following the mainshock. An interesting feature is that most of the aftershocks appear not to have occurred directly on the Chelungpu fault. There are six aftershocks with magnitude larger than 6.0 located to the east of the epicenter. To compare the aftershock distribution to the spatial slip distribution determined from the combined data sets for the two-segment fault model, we projected the slip distribution to the surface as also shown in Figure 16 . Most of the aftershocks surround the areas of large slip. The asperity near the epicenter has less slip compared with the region north of the epicenter. Most of large aftershocks (M Ͼ 6) occurred near the epicentral region rather than to the north. The spatial slip distribution shows areas of relatively low slip about 10-20 km north of the epicenter. The aftershock distribution cuts through this area and it is also the only cluster of the aftershocks near the fault trace. This suggests that most of the stress was released in the asperity regions, so that no aftershocks occurred after the mainshock. This is similar to the pattern of aftershocks in relation to the areas of large slip observed in other large earthquakes, (e.g., the 1992 Landers earthquake) (Wald and Heaton, 1994) .
Comparison with Aftershock Distribution
Conclusions
The 1999 Chi-Chi, Taiwan, earthquake is the best recorded large damaging earthquake in terms of the local strong-motion and GPS data. We investigated the rupture process of the earthquake, using the combination of three independent data sets, high-quality near-source strongmotion records, broadband teleseismic displacement waveforms, and well-distributed GPS displacements. We estimated the spatial and temporal distribution of slip on the fault plane using finite source inversions that used several combinations of the data and several different parameterizations for the model. Common features of our various results show that most of the slip was concentrated at shallow depths (less than 10 km) with a large asperity north of the hypocenter with maximum displacements of 12 to 15 m. The slip near the hypocenter ranges from about 3 to 6 m. The slip vector shows a clockwise rotation during the fault rupture The seismic moments determined from the various data sets are within the range of 2.0 to 4.5 ‫ן‬ 10 27 dyne cm. The total rupture duration is about 28 sec, and the rupture velocity is about 75% to 80% of the shear-wave velocity. Our preferred model using a two-segment fault shows that the region of large slip extends through the area where the fault bends to the northeast. A large slip of 20 m was obtained in the northeast fault segment to explain the observed GPS data. There is a local converging slip at the location where the fault bends toward northeast due to the requirement of a right-lateral slip in that region to explain the observed large western movement in the observed waveform of TCU068. Although the simple 2D fault geometry used in this study might not be sufficient to well explain all of the observed data, and there are differences among the models, which may be attributed to practical factors, such as data quality, data coverage, and model parameterization, our fault models exhibit the common feature of the spatial and temporal slip distribution during the fault rupture.
